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TRPC6TRPC6 are plasmamembrane cation channels. Bymeansof live-cell imaging and spectroscopicmethods,we found
that HEK cells expressing TRPC6 channels (HEK-TRPC6) are enriched in zinc and sulphur and have a reduced
copper contentwhen compared toHEK cells andHEK cells expressing TRPC3 channels (HEK-TRPC3). Hence,HEK-
TRPC6 cells have larger pools ofmobilizable Zn2+ and aremore sensitive to an oxidative stress. Synchrotron X-ray
ﬂuorescence experiments showed a higher zinc content in the nuclear region indicating that the intracellular
distribution of this metal was inﬂuenced by the over-expression of TRPC6 channels. Their properties were
investigated with the diacylglycerol analogue SAG and the plant extract hyperforin. Electrophysiological
recordings and imaging experiments with the ﬂuorescent Zn2+ probe FluoZin-3 demonstrated that TRPC6
channels form Zn2+-conducting channels. In cortical neurons, hyperforin-sensitive channels co-exist with
voltage-gated channels, AMPA and NMDA receptors, which are known to transport Zn2+. The ability of these
channels to regulate the size of the mobilizable pools of Zn2+ was compared. The data collected indicate that the
entry of Zn2+ through TRPC6 channels can up-regulate the size of the DTDP-sensitive pool of Zn2+. By showing
that TRPC6 channels constitute a Zn2+ entry pathway, our study suggests that they could play a role in zinc
homeostasis.iologie des Métaux, UMR CNRS
ce. Tel.: +33 4 38 78 44 23;
).
rmale Supérieure, CNRS UMR
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Transient receptor potential channels of C type (TRPC) form Ca2+-
conducting non selective cation channels. Seven isoforms (TRPC1–
TRPC7) have been characterized so far. Although a detailed molecular
understanding of theirmode of activation is still lacking, some TRPC, like
TRPC6, can be activated by the second messenger diacylglycerol (DAG)
or its analogues 1-oleoyl-2-acetyl-sn-glycerol (OAG) and 1-stearoyl-2-
arachidonoyl-sn-glycerol (SAG) [1,2]. TRPC6 is widely expressedincluding in the brain [3]. In the hippocampus, they are predominantly
found in post-synaptic densities and participate in the formation of
excitatory synapses [4]. In the cortex, TRPC6 channels are found in
astrocytes [5], neurons and progenitor cells [6,7]. In cortical astrocytes,
pro-inﬂammatory cytokines up-regulate the entry of Ca2+ by enhancing
the expression of TRPC6 channels [5]. In cell lines (HEK-293 and PC12
cells), TRPC6 channels promote the entry of iron via a mechanism
independent of the transferrin receptor [8]. Besides these reports, only a
few studies have addressed the question of their physiopathological
importance in brain cells.
The goal of the present work was to determine whether the
heterologous expression of TRPC6 channels into HEK-293 cells confers
new properties upon these host cells. The data shown in the present
report indicate that the stable over-expression of TRPC6 channels in
HEK-293 cells (HEK-TRPC6) is associated with an intracellular
accumulation of zinc and sulphur, and a reduction of the copper
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oxidative insult thanwild-type HEK cells. This seems speciﬁc to TRPC6
channels because HEK-293 cells stably over-expressing TRPC3
channels (HEK-TRPC3) behave like wild-type HEK-293 cells. Live-
cell imaging experiments conducted with the ﬂuorescent Zn2+ probe
FluoZin-3 show that TRPC6 channels allow the entry of Zn2+ even in
the presence of a physiological concentration of Ca2+. This ﬁnding is
conﬁrmed by electrophysiological recordings showing that TRPC6
channels can give rise to Zn2+ currents. This property is also shared by
native TRPC6 channels of cortical neurons where the entry of Zn2+
through these channels inﬂuences the size of the internal pools of
mobilizable Zn2+. Several types of Ca2+-conducting channels like
voltage-gated Ca2+ channels and glutamatergic receptors of NMDA
and AMPA/kainate types can allow the transport of Zn2+ through the
plasma membrane [9–11]. It is proposed that TRPC6 channels could
constitute another Zn2+ entry pathway in neurons. In this cell type,
Zn2+ ions can be buffered by mitochondria and metallothioneins, and
in some neuronal populations, in synaptic vesicles. Although not
known with certainty, the cellular concentration of Zn2+ is in the
order of 150–250 μM.
2. Materials and methods
2.1. Culture of HEK-293 cells
HEK-293 cells (purchased from ATCC, LGC Promochem, France)
and HEK-293 cells stably expressing the cation channels TRPC6 (HEK-
TRPC6) [3] and TRPC3 (HEK-TRPC3) [12] were platted at a density of
30,000 cells/mL and grown in a DMEM medium supplemented with
10% foetal bovine serum and 1% penicillin/streptomycin. G418
(50 μg/mL) was added to the culture medium for the HEK-TRPC6
and HEK-TRPC3 cells [3,12].
2.2. Primary cell cultures
Cortical cells were dissociated from cerebral cortices isolated from
E13 embryos from (vaginal plug was designated E0) C57BL6/J mice
according to [13]. Brieﬂy, brains of E13 C57BL6/J embryonicmicewere
placed in an ice-cold Ca2+- and Mg2+-free Hank's solution containing
33 mM glucose, 4.2 mM NaHCO3, 10 mM HEPES, 1% penicillin/
streptomycin. For each culture, 8 to 10 E13 cortices (isolated from 4
to 5 E13 mice) were mechanically minced by repetitive aspirations
though a sterile and ﬁre-polished Pasteur pipette. The cell suspension
was ﬁltered through a 40 μm cell strainer (BD Falcon). Glass cover-
slips (Marienﬁeld, Germany) were treated with poly-L-ornithine (2 h
at 37 °C) and washed twice with sterile water before plating the cells.
Cells were grown in a Neurobasal medium containing 2% B27, 1%
penicillin/streptomycin and 500 μM glutamine. Three days after the
plating of the cells, half of this culture medium was removed and
replacedwith a freshmedium. The procedures usedwere approved by
the Ethical Committee of Rhône-Alpes Region (France) and the Ethical
Committee of Grenoble (ComEth) (protocol 7_IRTSV-LCBM-AB-01).
2.3. Zinc imaging experiments with FluoZin-3
Changes in the intracellular concentration of free Zn2+ were
recorded with the ﬂuorescent Zn2+ indicator FluoZin-3 [14]. The
experimental conditions were as follows: after removal of the culture
medium, cells werewashed twicewith a saline solution containing (in
mM): 140 NaCl, 5 KCl, 2 CaCl2, 1 MgCl2, 10 HEPES, 10 glucose, pH 7.4
(NaOH) and incubated for 20 min (at room temperature in the dark)
in the above solution supplemented with 5 μM FluoZin-3/AM.
Afterwards, cells were washed twice with a FluoZin-3/AM-free
solution and kept at room temperature ≥20 min to allow the de-
esteriﬁcation of the dye. When the experiments were conducted on
HEK, HEK-TRPC3 and HEK-TRPC6 cells, 1 mMprobenicidwas added tothe saline solution. Glass cover-slips, inserted into a perfusion
chamber (RC-25F,Warner Instruments, Phymep, France), were placed
on the stage of an Axio Observer A1 microscope (Carl Zeiss, France)
equipped with a Fluar 40× oil immersion objective lens (1.3 NA) (Carl
Zeiss, France). Light was provided by the DG-4 wavelength switcher
(Princeton Instruments, Roper Scientiﬁc, France). The excitation light
for FluoZin-3 was ﬁltered through a 470–495 nm excitation ﬁlter and
the emitted light was collected through a 525 nm ﬁlter. The images
were acquired with a CCD CoolSnap HQ2 camera (Princeton In-
struments, Roper Scientiﬁc, France) and analyzed with the MetaFluor
software (Universal Imaging, Roper Scientiﬁc, France). Images were
captured at a frequency of 0.2 Hz. The baseline FluoZin-3 ﬂuorescence
was recorded for ≥1 min before the addition of any agent (e.g. Zn
acetate, SAG, or hyperforin) and averaged (F0). Unless otherwise
indicated, the changes in FluoZin-3 ﬂuorescence as a function of time
were expressed as F/F0, with F being the FluoZin-3 ﬂuorescence.
2.4. Calcium imaging experiments with Fura-2
The experiments were conducted according to protocols previ-
ously described [7]. Cells grown on glass cover-slips were incubated in
a saline solution (see above) containing 2.5 μM Fura-2/AM for 15 min
at room temperature in the dark. Cells were washed twice and bathed
in a Fura-2-free saline solution. The experimental setup was the same
as described above except a dual excitation at 340 and 380 nm was
used, and emission was collected at 515 nm. Images were collected at
a frequency 0.5 Hz and Fura-2 signals (F340 nm/F380 nm) were
analyzed off-line using the software MetaFluor (Universal Imaging,
Roper Scientiﬁc, France). All the Ca2+ and Zn2+ imaging experiments
were conducted at room temperature. FluoZin-3 values are reported
as means±SEM, with n indicating the number of cell bodies analyzed.
The depolarising medium used to activate voltage-gated Ca2+
channels contained (in mM): 91 NaCl, 50 KCl, 2 CaCl2, 1 MgCl2, 10
HEPES, 10 glucose, pH 7.4 (NaOH).
2.5. Electrophysiological recordings
Hyperforin-activated currents were recorded using the standard
tight-seal whole-cell conﬁguration of the patch clamp technique [15].
Patch pipettes were pulled from borosilicate glass capillaries. They were
ﬁlled with a solution containing (in mM) 140 CsCl, 10 HEPES, 4 ATP, 0.1
GTP (pH 7.2, CsOH) and had a resistance of 3–5 MΩ. Unless otherwise
indicated, the bath recordingmediumhad the following composition (in
mM): 140 N-methyl D-glucamine, 10 HEPES, 5 glucose, 10 CaCl2 or
ZnCl2. The pH of this recording solution was adjusted at 7.15 in order to
obtain a non-precipitating Zn2+ solution. The membrane potential was
held at −60 mV by means of an Axoclamp 200B ampliﬁer. Currents
recorded in response to the bath application of 10 μM hyperforin were
ﬁltered at 1–2 kHz and analysed off-line with the pClamp software
(version 9.0, Axon Instruments) [7]. Whole-cell currents, recorded at
room temperature 1 to 3 days after the plating of the cells, were
triggered from a holding potential of 0 mV at a frequency of 0.2 Hz by
200 ms voltage ramps from −100 to +100 mV. Capacitive transients
were cancelled and the cell capacitance value was read from the
Axoclamp 200B ampliﬁer dials. The hyperforin-induced currents shown
in the present study are smaller than the ones reported before [7]. We
previously noticed that the size of the hyperforin-induced Ca2+
responses differed from one batch of hyperforin to the other [16].
2.6. Determination of the metal content of HEK, HEK-TRPC3 and HEK-
TRPC6 cells
HEK-293 cells, HEK-TRPC3 or HEK-TRPC6 cells were harvested by
gentle pipetting and washed twice with PBS and once with PBS
supplemented with 5 mM EDTA to remove metals non-speciﬁcally
bound to membranes. The total protein concentration of each sample
Table 1
HEK-293 cells HEK-TRPC6 cells HEK-TRPC3 cells
Zn 302±23 429±25 ** 218±5
S 7081±477 13,215±701 ** 8155±206
Cu 11.9±1.8 7.8±0.2 * 10.3±0.1
The results are expressed as μg of metal/g of proteins. Means±sem are given for n=3
to 11 independent measures. Differences between groups were determined using an
ANOVA followed by a Tukey's test (for S and Zn) and a Dunn's test (for Cu), with *
pb0.05 and ** pb0.001, when compared to HEK cells.
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dried by heating and vacuum and incubated overnight in 70% nitric
acid at 50 °C, before analysis with Inductively Coupled Plasma-Optical
Emission Spectrometry (ICP-OES) with a Varian, Vista MPX instru-
ment [17]. The zinc and sulphur contents were normalised to the
amount of protein in each pellet. The intracellular contents of copper
and iron were determined by atomic absorption spectroscopy. Dried
pellets were homogenized by incubation overnight in tetramethy-
lammonium hydroxide before analysis by electrothermal atomic
absorption spectroscopy using external calibration curve and Zeeman
background correction (Hitachi model 8270, Tokyo, Japan). The
copper and iron contents were normalised to the amount of protein
in each pellet.
2.7. Colorimeric MTT assay
Mitochondrial activity was measured as an indicator of cell viability
[18]. HEK, HEK-TRPC3 and HEK-TRPC6 cells were plated in 96-wells
culture plates. After 1 day in vitro cellswere incubatedwith 50 μMDTDP
for 1 hr at 37 °C. The oxidantwaswashed away and24 h later 0.5 mg/mL
MTT [3-(4,5-dimethyl thiazol-2-yl)-2,5-diphenyl tetrazolium bromide]
was added for 3 h at37 °C in the dark. Themediumwas removed and the
dark blue crystals formed were dissolved by adding 100 μl DMSO/well.
The optical density wasmeasured at 570 nmwith a Tecan InﬁniteM200
microplate reader (Tecan, France). Results are presented as the
percentage of survival with DTDP-untreated (control) cells as 100%
and Triton-X100-treated cells as 0%.
2.8. Measurement of the production of reactive oxygen (ROS) species
The ROS-sensitive ﬂuorescent probe 5-(and-6)-chloromethyl-2′,7′-
dichlorodihydroﬂuorescein diacetate acetyl ester (CM-H2DCFDA) was
used to detect ROS production in HEK, HEK-TRPC3 andHEK-TRPC6 cells.
Cells, plated in 96-well plates, were loaded with 5 μM CM-H2DCFDA for
20 min at room temperature. Cells were excited at 495 nm and the
emitted ﬂuorescence was collected at 527 nm using a Tecan Inﬁnite
M200 microplate reader (Tecan, France).
2.9. Synchrotron microbeam X-ray ﬂuorescence
HEK and HEK-TRPC6 cells were grown on Si3N4 membranes
(3×3 mm2, thickness 500 nm, Silson Ltd., England). They were ﬁrst
coated with poly-L-lysine (0.0025% in H2O, 90 min at 37 °C), following
bypoly-L-ornithine(0.0033% inH2O, 90 minat37 °C). Si3N4membranes
were washed twice with sterile deionized water. The cell suspension
was added to the membrane and incubated under 95% O2/5% CO2 at
37 °C for 48 h. Cells were then rinsedwith PBS, cryoﬁxed at−160 °C by
plunge-freezing into isopentane chilled with liquid nitrogen, further
freeze dried at−65 °C in vacuum, and stored at room temperature in a
desiccator prior to synchrotron nanoanalysis. The protocol applied
preserved the cellular morphology and the chemical element distribu-
tion integrity [19]. X-ray ﬂuorescence nanoanalyses were performed at
the nanoimaging end station ID22NI of the European Synchrotron
Radiation Facility (ESRF, Grenoble, France). Dynamically bent graded
multilayers set in the Kirkpatrick–Baez geometrywere used to focus the
X-ray beam from an undulator source to a spot size of approximately
100 (H)×130 (V) nm2 on the specimen. Incident photon energy of
17.5 keV was used, with a monochromaticity of 2% and a ﬂux of
5×1011 photons/s. The sample, mounted in air at room temperature on
a nanopositioner stage, was raster-scanned with a step size of 100 nm
through the focal plane while the spectrum of the emitted ﬂuorescence
was recorded with an energy dispersive silicon drift diode collimated
detector (SII Nanotechnology Vortex 50 mm2) placed in the horizontal
plane at 75° from the incident beam. The integration time per scan point
was 0.3 s. Elemental maps were created by PyMCA software [20] by
ﬁtting the recorded spectrum in every scan point to determine theﬂuorescence signal for each element. The quantitative evaluation
provided elemental area concentration (μg/cm2) [21]. The standardisa-
tion to convert theﬂuorescence signal to anelemental area concentration
was achieved by ﬁtting spectra against the signal derived from thin-ﬁlm
standards SRM-1832a, SRM-1833a (National Bureau of Standards,
Gaithersburg, MD, USA). The data shown were collected from 4 to 5
independent cultures.
2.10. Materials
Fura-2/AM, FluoZin-3/AM and 5-(and-6)-chloromethyl-2′,7′-
dichlorodihydroﬂuorescein diacetate acetyl ester were from Molecular
Probes (Invitrogen, France). Tissue culture media were obtained from
Invitrogen (France). All other reagents were from Sigma-Aldrich
(France). Hyperforin was a kind gift from Dr. Willmar Schwabe GmbH
& Co (Karlsruhe, Germany). The extract is a mixture of hyperforin with
its homologue adhyperforin (ratio 8:2), prepared as sodium salts [7].
3. Results
3.1. Expression of TRPC6 channels increases the intracellular content of
Zn and S
The effect of the expression of TRPC6 channels on the total cellular
content of various elements was determined. When compared to HEK
cells and HEK-TRPC3 cells, HEK-TRPC6 cells were enriched in zinc and
sulphur, whereas their copper content was reduced (Table 1). No
signiﬁcant differences were seen with the other elements tested (iron,
sodium, potassium, magnesium, phosphorus) (supplementary data,
Table 1). Similarly to TRPC6, TRPC3 can form DAG-sensitive cation
channels. However, HEK-TRPC3 cells had the same zinc, copper and
sulphur content as HEK cells (Table 1) (supplementary data, Table 1).
Thus, the expression of TRPC6 (but not TRPC3) channels gives rise to
speciﬁc changes in the cellular content of biologically relevant elements.
3.2. Expression of TRPC6 channels increases the size of the mobilizable
pool of Zn2+
An oxidative stress increases the intracellular concentration of free
Zn2+ ([Zn2+]i) [22]. Since HEK-TRPC6 cells have a large zinc content,
when compared to HEK (and HEK-TRPC3) cells, we checked whether
oxidative conditions could give rise to larger changes in [Zn2+]i in HEK-
TRPC6 cells. This hypothesiswas tested byusing theﬂuorescent indicator
FluoZin-3. It is a highly speciﬁc Zn2+probehaving aKdof 15 nM[14]. The
oxidant 2,2′-dithyodipyridine (DTDP) which can mobilise Zn2+ from
internal pools [22] was used to assess the size of the mobilizable pool of
Zn2+. DTDP elicited larger FluoZin-3 signals in HEK-TRPC6 cells when
compared toHEKandHEK-TRPC3cells (Fig. 1A). The additionof theZn2+
chelator TPEN completely abolished theDTDP-induced FluoZin-3 signals,
conﬁrming that DTDP affected [Zn2+]i (Fig. 1A).
3.3. HEK-TRPC6 cells are more sensitive to an oxidative stress
Zinc ions are known to inﬂuence the cellular redox state and can
thus alter cell survival [23]. In the following set of experiments it was
Fig. 1. HEK-TRPC6 cells have a large pool of mobilizable Zn2+. HEK, HEK-TRPC3 and HEK-TRPC6 cells were loaded with FluoZin-3/AM. Panel A shows the increase of the FluoZin-3
ﬂuorescence (F/F0) in response to theapplicationofDTDP (50 μM). TPEN(5 μM)reversed theDTDP-induced FluoZin-3signals. DTDP andTPENwere addedwhen indicatedby thehorizontal
bars. The number of cells anddishes usedwas: 166/4 (HEKcells), 207/5 (HEK-TRPC3 cells) and109/4 (HEK-TRPC6cells).Mean±sem.Whennot visible, error bars are smaller than symbols.
For the sakeof clarity only every twopoints is shown.Panel B themitochondrial activity ofHEK,HEK-TRPC3andHEK-TRPC6cellswasmeasured as an index of cell viability. Cellswere grown
in96-wells culture plates and incubatedwith 50 μMDTDP for 1 hr at 37 °C. Twenty four hours later 0.5 mg/mlMTTwas added for3 hours at 37 °C. In someexperiments, the culturemedium
of HEK-TRPC6 cells was supplemented with 2 mMGSH, added 2 h before DTDP (and still present during the DTDP challenge). The effect of the Zn2+ chelator TPEN (0.2 μM)was tested on
HEK-TRPC6 cells. It was added 10min before DTDP and remained present during the DTDP treatment. However, TPEN did not protect HEK-TRPC6 cells. Results are presented as the
percentage of cell death with DTDP-untreated (control) cells as 0% and Triton-X-100 treated cells as 100%. Mean±sem from 3 to 6 independent experiments. NS: the difference was not
statistically signiﬁcant (pN0.05); * pb0.05, onewayANOVA followedby aHolm-Sidak test. Panel C:ADTDP treatment alters themorphologyofHEK-TRPC6 cells. HEK,HEK-TRPC3andHEK-
TRPC6 cellsweremaintainedwithout or transiently treatedwith 50 μMDTDP for 1 h at 37 °C (same protocol as in Fig. 1B).Microphotographswere obtained24 h after thewashout of DTDP.
The treatment altered the morphology of the cells, particularly HEK-TRPC6 cells (arrowheads). The ﬂuorescent probe CM-H2DCFDA was used to monitor the production of ROS. CM-
H2DCFDA-loaded cells were kept for 30 min at room temperature without or with 50 μM DTDP (D) or without or with 1 mM H2O2 (E). The ability of TPEN (0.2 μM) to reverse the DTDP-
induced production of ROS was also tested. The chelator was added 10 min before DTDP and remained present during the DTDP treatment. The presence of TPEN did not prevent the
production of ROS in HEK-TRPC6 cells. Mean±sem from three independent experiments. * pb0.05, Student's t test.
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oxidative insult than HEK cells. To this aim, HEK, HEK-TRPC3 and
HEK-TRPC6 cells were incubated with 50 μM DTDP for 1 h at 37 °C.The oxidant was washed away and the colorimetric MTT test was
employed. Reduction of MTT is an index of mitochondrial activity and
an indicator of cell viability. In these experiments, the concentration
2811J. Gibon et al. / Biochimica et Biophysica Acta 1808 (2011) 2807–2818of DTDP used (50 μM) induced the death of 15%, 5% and 30% of the
HEK, HEK-TRPC3 and HEK-TRPC6 cells, respectively (Fig. 1B). Pre-
incubating HEK-TRPC6 cells with 2 mM GSH attenuated the DTDP-
induced cell death whereas TPEN (0.2 μM) failed to prevent the DTDP
response (Fig. 1B). Larger concentrations of this chelator could not be
used because at concentrations ≥0.4 μM TPEN alone could provoke a
cell loss (not shown). In contrast to HEK and HEK-TRPC3 cells where
only a few cells were affected, DTDP profoundly modiﬁed the
morphology of HEK-TRPC6 cells (Fig. 1C). The effect of a DTDP
challenge on the viability of the cells was assayed bymeans of the vital
dye trypan blue (Fig. 1C). Without DTDP treatment, the number of
trypan blue-positive cells was ~1% in all group of cells, namely HEK,
HEK-TRPC3 and HEK-TRPC6 cells (n=3 measurements). However,
the DTDP treatment increased the number of trypan blue-positive
HEK-TRPC6 cells to 19±3% (n=6) whereas the number of dead HEK
and HEK-TRPC3 cells was 8±1% and 7±1% (n=6), respectively
(Fig. 1C). The production of reactive oxygen species (ROS) induced in
response to the application of the oxidants DTDP and H2O2 was
monitored with the ROS-ﬂuorescent probe CM-H2DCFDA. The
production of ROS evoked by 50 μM DTDP (Fig. 1D) or 1 mM H2O2
(Fig. 1E) was larger in HEK-TRPC6 cells when compared to HEK cells.
This DTDP-dependent production of ROS was not prevented by TPEN
(Fig. 1D). Altogether, it seems that HEK cells expressing TRPC6
channels are more sensitive to an oxidative stress than HEK cells or
cells expressing TRPC3.
3.4. Analysis of the sub-cellular distribution of zinc by X-ray ﬂuorescence
Synchrotron X-ray ﬂuorescence nanoprobe was applied for the
topographic and quantitative analyses of zinc in HEK and HEK-TRPC6
cells. When determined by this approach, the total average zinc
content of HEK-TRPC6 cells was larger than in HEK cells (0.56±
0.045 μg/cm2, n=5, vs 0.38±0.06 μg/cm2, n=4, pb0.05, Student's t
test). These results are thus in line with our previous measurements
with ICP-OES (Table 1). The cellular calcium content was quantiﬁed
using this technique. The values found for HEK and HEK-TRPC6 cells
(1.18±0.2 μg/cm2, n=4, vs 0.95±0.13 μg/cm2, n=5, pN0.05,
Student's t test) indicate that the over-expression of the channel did
not inﬂuence the cellular Ca load. Fig. 2 shows representative two-
dimensional mappings of the intracellular distribution of zinc in HEK
(Fig. 2A) and HEK-TRPC6 cells (Fig. 2B). The metal was found rather
homogenously distributed all over the cell with a stronger density in
the thickest part of the cells, probably the nucleus. The data gained
with a spatial resolution of 100 nm indicate that the expression ofFig. 2. Intracellular distribution of zinc in HEK and HEK-TRPC6 cells. Representative 2D
maps of zinc in HEK cells (A) and in HEK-TRPC6 cells (B) were obtained with
synchrotron X-ray ﬂuorescence nanoprobe. The rainbow colour scales on the right
show the range of concentration of zinc in the samples (elemental concentrations are
given in micrograms per cm2). Scale bars: 5 μm.TRPC6 channels inﬂuences the intracellular distribution of Zn2+ and
favours its enrichment in the nuclear region.
3.5. TRPC6 channels permit the entry of Zn2+ in HEK cells
Since TRPC6 channels are non-selective cation channels [1], and
their over-expression in HEK cells affects their zinc status, experi-
ments were carried out to determine whether TRPC6 channels could
permit the uptake of Zn2+. For this purpose, 1-stearoyl-2-arachido-
noyl-sn-glycerol (SAG), a DAG analogue known to activate TRPC6
channels [7,24] was used. HEK, HEK-TRPC3 or HEK-TRPC6 cells were
ﬁrst loaded with FluoZin-3 and kept in a Ca2+ (2 mM)-containing
saline. The bath addition of Zn2+ (50 μM) was accompanied by an
elevation of the FluoZin-3 ﬂuorescence, indicating the existence of a
basal entry of Zn2+ into these cells (Fig. 3A). A subsequent addition of
SAG (100 μM), still in the presence of Zn2+, gave rise to larger FluoZin-
3 signals. When compared to HEK cells, the SAG-dependent entry of
Zn2+ was more important in HEK-TRPC6 cells (Fig. 3A). Fig. 3B
summarises these experiments and shows the maximal FluoZin-3
signals measured at the end of the recording in each condition. The
FluoZin-3 signals of HEK-TRPC3 cells were not different from the ones
recorded on HEK cells, further showing that the expression of TRPC3
and TRPC6 channels does not elicit the same cellular responses.
Electrophysiological experiments were conducted to further examine
the ability of TRPC6 channels to transport Zn2+ ions. Cells were placed
in a medium containing 10 mM CaCl2 and no added K+ and Na+ ions
(replaced by the impermeant organic cation N-methyl-D-glucamine).
The bath application of hyperforin provokes a Ca2+ entry in HEK-
TRPC6 cells but not in HEK or HEK-TRPC3 cells (see Supplementary
data, Fig. 1). This conﬁrms that hyperforin can trigger the opening of
TRPC6 channels without activating the other TRPC isoforms [25].
When voltage-clamped at a membrane potential of −60 mV, HEK-
TRPC6 cells developed a transient Ca2+ current in response to the
application of hyperforin (Fig. 3C) as already demonstrated [25]. Its
mean peak amplitude was 161±30 pA (n=12). In the presence of
10 mM ZnCl2 (instead of 10 mM CaCl2), hyperforin was still able to
induce a transient inward current but of smaller amplitude (89±
14 pA, n=12) (p=0.035 when compared to Ca2+ currents, Student's
t test). Representative I-V plots from distinct cells are shown in
Fig. 3D. In both instances (Ca or Zn), hyperforin gave rise to inward
and outward currents having a reversal potential of ~0 mV (Fig. 3D).
Similar experiments were conducted with 1 mM ZnCl2. Reducing the
external concentration of Zn2+ diminished the amplitude of the
hyperforin-activated currents (trace c, grey line, Fig. 3E and F).
Complexing Zn2+ with the impermeant chelator tricine (N-tris
(hydroxymethyl)methylglycine) [26] markedly reduced the ampli-
tude of the hyperforin-induced inward currents (Fig. 3E–F). These
electrophysiological recordings show that, at −60 mV, TRPC6
channels of HEK-293 cells allow the permeation of cations like Ca2+
and Zn2+.
3.6. DAG-sensitive channels of cortical neurons permit the entry of Zn2+
TRPC6 channels are found in many organs including the brain [1].
For instance, in the embryonic murine cortex, astrocytes and neurons
express functional DAG-sensitive TRPC6 channels [5–7]. Experiments
were conducted on cortical neurons in culture to determine whether
endogenous DAG-sensitive channels of brain cells could permit the
uptake of Zn2+. FluoZin-3-loaded cortical neurons were exposed to
Zn2+ (100 μM) alone or to Zn2+ (100 μM)+the channel activator
SAG. In the absence of SAG, a weak FluoZin-3 signal was observed,
reﬂecting amodest basal uptake of Zn2+ (Fig. 4A). Activating channels
with SAG elicited a clear FluoZin-3 response that was suppressed by
the cation channel blocker Gd3+ (Fig. 4A). Thus, cortical neurons
express DAG-sensitive channels [7] allowing the entry of Zn2+.
Several concentrations of Zn2+were tested (2, 50 and 100 μM). Fig. 4B
Fig. 3. TRPC6 channels of HEK cells allow the entry of Zn2+. A HEK, HEK-TRPC3 and HEK-TRPC6 cells were loadedwith FluoZin-3.When bath applied, 50 μMZn acetate elicited aweak
increase of the FluoZin-3 ﬂuorescence in the three cell types. A subsequent addition of 100 μM SAG (still in the presence of Zn2+) augmented the uptake of Zn2+ in HEK-TRPC6 cells
whereas HEK and HEK-TRPC3 cells poorly responded to SAG. Number of cells and dishes used: 265/5 (HEK), 151/4 (HEK-TRPC3) and 125/4 (HEK-TRPC6). Mean±sem. For the sake
of clarity only one point out of four is shown. The recordingmedium contained 2 mMCaCl2. Panel B is a bar graph representing the amplitude of the FluoZin-3 (F/F0) signals (Mean±
sem). Isochronal measurements were made 580 s after the beginning of the recording with ** pb0.01 (one way ANOVA followed by a Dunns’ test); NS: not signiﬁcant (pN0.05). In
panel C are shown superimposed whole-cell patch recordings from 2 different HEK-TRPC6 cells. The holding membrane potential was set at −60 mV and 10 μM hyperforin was
added when indicated (arrow). The bath recording medium contained either 10 mM CaCl2 or 10 mM ZnCl2. D representative current-voltage relationships from 3 distinct cells in
response to the application of voltage ramps elicited from a holding potential of 0 mV. The external medium contained either 10 mM CaCl2, 10 mM ZnCl2 or consisted of a Ca2+- and
Zn2+-free solution. Panel E shows I-V plots from different cells obtained with or without tricine (10 mM). The external medium contained 1 mM ZnCl2 (grey lines) or 10 mM ZnCl2
(black lines). F is a summary plot showing themean (±sem) peak current density (−pA/pF)measured at−60 mV. The number of cells used in each condition was 12 (10 mMCa), 9
(1 mM Zn), 4 (1 mM Zn+10 mM tricine), 12 (10 mM Zn) and 4 (10 mM Zn+10 mM tricine). * pb0.05, Student's t-test.
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the external concentration of Zn2+. It is important to mention
that these experiments were conducted with a saline solution
containing 2 mM CaCl2. Some experiments were performed with a
nominally Ca2+-free solution and the channels were activated with
either SAG (Fig. 4C) or hyperforin (Fig. 4D). Hyperforin elicited much
robust FluoZin-3 signals than SAG.Whatever the channel agonist used
(SAG or hyperforin), the FluoZin-3 signals were larger with a Ca2+-
free solution when compared to the 2 mM Ca2+ saline solution
(Fig. 4E). Control experiments were conducted during which
hyperforin or SAG was added alone (without Zn2+). As already
shown [27], hyperforin increases [Zn2+]i. This response was howevernot inﬂuenced by the external concentration of Ca2+ (Fig. 4E). If SAG
was added without Zn2+, it did not elicit any FluoZin-3 response
indicating that SAG alone does inﬂuence the homeostasis of Zn2+.
Thus, the hyperforin-dependent FluoZin-3 signals recorded when
cells were bathed in a Zn2+-containing solution have a dual origin:
they reﬂected the entry of Zn2+ via hyperforin-sensitive channels and
the release of Zn2+ from mitochondria [27].
Next, electrophysiological experiments were conducted on cultured
cortical neurons to see whether the hyperforin-sensitive channels of
brain cells could transport Zn2+. In neurons, the hyperforin-induced
inward currents were of smaller amplitude than in HEK-293 cells over-
expressingTRPC6 channels. However, thepermeation of Ca2+(or Zn2+)
Fig. 4. TRPC6 channels of neurons cells allow the entry of Zn2+. A. Cortical neurons in culturewere loadedwith FluoZin-3. The graph shows FluoZin-3 responses obtained in thepresence of
Zn2+ (50 μM)added (arrow)without orwith 50 μMSAG, orwith 50 μMSAG+5 μMGd3+. Number of cells and dishes used: 120/5 (Zn2+without SAG), 264/10 (Zn2++SAG), and 250/10
(Zn2++SAG+Gd3+).Mean±sem.Whennot visible, error bars are smaller than symbols. Panel B is a summary graph of the experiments depicted inA. FluoZin-3 loaded cortical neurons
were exposed to either 2, 50 or 100 μMZn2+(Zn acetate)without orwith SAG (50 μM). For each cell, the FluoZin-3ﬂuorescencewasmeasured250 s after the addition of SAG (either alone
or togetherwith Zn acetate). For each condition, the number of cells usedwas 73–264 cells from 3 to 10 independent experiments. Mean±sem. Of note, the recordingmedium contained
2 mMCa2+. *** pb0.001,Mann–Whitney test. PanelC showsFluoZin-3 loadedcorticalneurons kept inaCa2+-free (thin lines)or innormal (2 mMCa2+) saline solution (thick lines).When
indicated (arrow) either 100 μMZn2+alone or 100 μMZn2++50 μMSAGwas added (and remainedpresent throughout the recording). Shown are representative FluoZin-3 responses. D,
same experiments as in C except native channels of cortical neurons were activated with 10 μM hyperforin. Cells were maintained in a Ca2+-free or in a normal (2 mM Ca2+) recording
solution. Panel E is a summarygraph of the experiments illustrated inpanels C andD. Thenumberof cells anddishes usedwas 120/5 (Zn2+−Ca2+), 103/3 (Zn2++Ca2+), 264/10 (Zn2++
SAG,−Ca2+), 101/3 (Zn2++SAG,+Ca2+), 84/3 (Zn2++hyperforin,−Ca2+), 73/4 (Zn2++hyperforin,+Ca2+). The bar graph also shows the FluoZin-3 signals observed in the presence
of hyperforin and SAG added alone, without Zn2+. For each cell, the FluoZin-3 ﬂuorescence was measured 250 s after the addition of Zn2+, Zn2++SAG, Zn2++hyperforin, hyperforin or
SAG.Mean±sem. *** pb0.001 (Student's t test). Hyperforin-activated currents from cortical neurons are shown in F. Cells were bathed in a recordingmedium containing 140 mMNMDG
plus either10 mMCaCl2 orZnCl2.Hyperforin (10 μM)wasaddedwhen indicated (arrows).G is a bar graphof themean (±sem)of themaximal peak inwardcurrents elicitedbyhyperforin.
The number of cells usedwas 10 in each condition. Panel H is a summary graph reporting the density of thehyperforin-activated current. This graphwas obtained bydividing, for each cell,
its peak current amplitude (pA) by its cell capacitance (pF). Mean±sem. * pb0.02, Student's t test. HEK-TRPC6 cells: same data as in Fig. 3F.
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(Fig. 4F). In contrast to HEK-TRPC6 cells, substituting Ca2+ by Zn2+ ions
did not affect the size of the hyperforin-sensitive currents (30±4 pA,
n=10, in 10 mM CaCl2, and 30±5 pA, n=10, in 10 mM ZnCl2)
(Fig. 4G). HEK-TRPC6 cells and cortical neurons had comparable values
of cell capacitance (19.8±1.4 pF, n=41, for HEK-TRC6 cells, and 18.4±1.4 pF, n=20, for the neurons, pN0.05, Student's t test) (Fig. 4G).
Consequently, HEK-TRPC6 cells had hyperforin-sensitive currents of
larger density than neurons (Fig. 4H). In both types of cells (HEK-TRPC6
cells and neurons), the application of hyperforin can give rise to an
inﬂux of Zn2+ ions. This ﬁnding further adds support to the idea that
TRPC6 channels could transport Zn2+.
Fig. 5. Zn2+ entry through TRPC6 channels and pools of mobilizable Zn2+. A is a representative Fura-2 recording showing the coexistence of various types of Ca2+-conducting
channels in a E13 cortical neuron grown 3 days in culture. The cell was sequentially challenged with a depolarising medium containing 50 mM KCl (instead of 5 mM KCl), 50 μM
AMPA, 300 μMNMDA+100 μMglycine. In the latter case, the cortical neuron was transiently bathed in a nominally Mg2+-free medium. Hyperforin (10 μM)was added at the end of
the recording to activate TRPC6 channels. The horizontal black bars indicate when KCl, AMPA, NMDA (+glycine) and hyperforin were added. In panels B to F are shown FluoZin-3
recordings (F/F0) from cortical neurons. BWhen indicated (arrow), 100 μMZn acetate was added either alone (n=89 cells, from 4 dishes) or together with 50 mMKCl (n=102 cells
from 4 dishes), 300 μMNMDA (+100 μM glycine in a Mg2+-free medium) (n=101 cells from 4 dishes), 50 μMAMPA (n=81 cells from 4 dishes), or with 50 μM SAG (n=119 cells
from 4 dishes). In panel C, DTDP (100 μM) was applied (horizontal black bar) to mobilise Zn2+ from internal pools (grey triangles, n=451 cells from 16 dishes). In some instances,
prior to the DTDP challenge, cells were transiently treated (horizontal grey bar) either with 15 μM Zn2+ (open squares, n=358 cells from 10 dishes), 15 μM Zn2++KCl (50 mM)
(ﬁlled circles, n=231 cells from 7 dishes), 15 μM Zn2+ + AMPA (50 μM) (grey circles, n=190 cells from 6 dishes), or 15 μM Zn2++SAG (50 μM) (open circles, n=72 cells from 6
dishes). KCl, AMPA, SAG and Zn2+ were washed away before the application of DTDP. D, same experiments as in C, except Zn2+ was omitted. This graph shows the FluoZin-3
responses (F/F0) induced by DTDP (100 μM) alone (grey triangles, n=451 cells from 16 dishes, same data as in C), and after a prepulse during which 50 μM AMPA (grey circles,
n=283 cells from 10 dishes), or 50 mMKCl (ﬁlled circles, n=261 cells from 9 dishes), or 50 SAG (open circles, n=153 cells from 5 dishes) was applied (andwashed away). In E and
F, the size of themitochondrial pool of mobilizable Zn2+was assessed bymeans of the protonophore FCCP (2 μM, horizontal black bar). E and F, same experimental procedures as in C
and D, respectively. E: FCCP (grey triangles, n=332 cells from 10 dishes), 15 μMZn2+ (open squares, n=329 cells from 9 dishes), 15 μMZn2++KCl (50 mM) (ﬁlled circles, n=151
cells from 4 dishes), 15 μM Zn2++AMPA (50 μM) (grey circles, n=131 cells from 4 dishes), 15 μM Zn2++SAG (50 μM) (open circles, n=232 cells from 6 dishes). KCl, AMPA, SAG
and Zn2+ were washed away before the application of FCCP. Note that the FCCP-dependent FluoZin-3 signals are much smaller than the DTDP-sensitive signals and they are poorly
affected by the entry of Zn2+ through plasma membrane Ca2+-conducting channels, except voltage-gated Ca2+ channels: the entry of Zn2+ via these channels up-regulates the size
of the FCCP-sensitive pool of Zn2+. F: FCCP (2 μM) alone (grey triangles, n=332 cells from 10 dishes, same data as in E), and after a preceding prepulse during which 50 μM AMPA
(grey circles, n=114 cells from 4 dishes), or 50 mMKCl (ﬁlled circles, n=155 cells from 5 dishes), or 50 μMSAG (open circles, n=134 cells from 5 dishes) was applied. Mean±sem,
error bars are smaller than symbols. B–F: for the sake of clarity only one point out of 4 is shown. Throughout these experiments (A–F) cells were bathed in a Ca2+ (2 mM)-containing
solution.
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Fig. 5A is a Fura-2 recording during which a cultured cortical
neuronwas activated by the sequential application of a potassium rich
(50 mM) solution (to depolarise the membrane potential and activate
voltage-gated Ca2+ channels), AMPA, NMDA (two agonists of distinct
glutamatergic receptors), and ﬁnally hyperforin (to activate TRPC6
channels). In each instance, these manoeuvres elicited a Fura-2
response. This shows the co-existence, even at E13, of several types of
functional Ca2+-conducting channels within the plasmamembrane of
cortical neurons. At the embryonic age of E13, cortical neurons also
possess store-operated Ca2+ channels (SOC) (supplementary data,
Fig. 2) [13,16], a family of plasma membrane Ca2+ channels activated
in response to the emptying of the Ca2+ stores of the endoplasmic
reticulum. Of interest, voltage-gated Ca2+ channels and glutamatergic
receptors of NMDA and AMPA/kainate types are known to permit the
transport of Zn2+ through the plasma membrane [9,10]. On the other
hand, depleting Ca2+ stores of cortical neurons with thapsigargin did
not elicit the entry of Zn2+ through SOC (supplementary data, Fig. 3).
Of note, Zn2+ ions are known to strongly block SOC [28] (see also
supplementary data Fig. 2). Thus, beside SOC all the other Ca2+-
conducting channels of E13 cortical neurons tested (namely voltage-
gated Ca2+ channels, AMPA, NMDA, and SAG-sensitive channels)
allowed the uptake of Zn2+ (Fig. 5B). When comparing the various
agents used, SAG and KCl were the ones that gave rise to the most
potent FluoZin-3 signals.
3.8. Zn2+ entry through Ca2+-conducting channels and size of the
mobilizable pool of DTDP-sensitive Zn2+
E13 cortical neurons possess pools of mobilizable Zn2+ [27] from
where this metal can be recruited. For instance, oxidants like DTDP
can mobilise Zn2+ from internal pools [22] as illustrated in Fig. 1A. In
the following set of experiments we compared the consequence of an
entry of Zn2+ through the Ca2+-conducting channels depicted in
Fig. 5A on the size of the DTDP-sensitive pool of Zn2+. Since the
NMDA-dependent FluoZin-3 signals were much smaller than the
responses evoked by AMPA, KCl and SAG, only the 3 latter types of
channels (AMPA receptors, voltage-gated Ca2+ channels and TRPC6
channels) were considered. Fig. 5C shows the FluoZin-3 signals
induced in response to the application of DTDP. It produced a time-
dependent elevation of the FluoZin-3 ﬂuorescence (Fig. 5C, ﬁlled
triangles). In some instances, cells were transiently pre-treated with
either 15 μM Zn2+ alone or 15 μM Zn2+ + one of the following agent:
AMPA, KCl, or SAG, prior to the application of DTDP. As illustrated,
maintaining cells for a few minutes in a zinc-rich medium enhances
the size of the DTDP-sensitive pool of Zn2+ (Fig. 5C). However, the
size of this pool can be evenmore up-regulated after the entry of Zn2+
through KCl-, AMPA- and SAG-sensitive channels, with the largest
FluoZin-3 signals seen in response to the activation of voltage-gated
Ca2+ channels and SAG-sensitive channels (Fig. 5C). As a control,
similar experiments were repeated but in the absence of added Zn2+
(Fig. 5D). In this latter case, the DTDP-dependent FluoZin-3 responses
were larger when cells were transiently stimulated with AMPA (and
no added Zn2+) and almost not inﬂuenced if pre-stimulated with KCl
or SAG (Fig. 5D). Previous data showed that the entry of Ca2+
triggered after glutamate receptor activation mobilises Zn2+ from
internal pools [29]. Of note, stimulating hippocampal neurons with
glutamate causes the release a Zn2+ from mitochondria [30]. Such
mechanisms could explain the AMPA- and, to a lesser extent, the
modest KCl- and SAG-dependent up-regulation of the DTDP-sensitive
responses seen in Fig. 5D. To check whether the entry of Ca2+ through
Ca2+-conducting channels of E13 cortical neurons inﬂuenced the size
of the DTDP-sensitive pool of Zn2+, additional experiments were
performed. Chelating extracellular Zn2+ with CaEDTA and removing
extracellular Ca2+ abolished the AMPA-dependent potentiation of theDTDP-sensitive response (supplementary data, Fig. 4). The determi-
nation of the zinc content in our solutions by means of ICP-OES shows
that the concentration of Zn in the external saline solution and
the neurobasal medium was, respectively, in the order of 15 nM and
1–2 μM, illustrating that this metal is present as a contaminant in
saline solutions [31]. From these experiments, we propose that sti-
mulating AMPA receptors permits the entry of Ca2+ (and Zn2+), this,
in turn, via a glutamatergic-dependent release of Zn2+ from mito-
chondria [30], could change the Zn2+ load [29].
3.9. Zn2+ entry through Ca2+-conducting channels and size of the
mitochondrial pool of FCCP-sensitive Zn2+
Mitochondria of cortical neurons have a pool of mobilizable Zn2+.
For instance, it can be recruited in response to the application of the
protonophore FCCP [27,32,33]. This agent was used to assess the size
of the mitochondrial pool of mobilizable Zn2+ in E13 cortical neurons.
FCCP elicited FluoZin-3 signals but of much smaller amplitude than
DTDP (Fig. 5E). When the FCCP challenge was preceded by a short
treatment with Zn2+ alone, or Zn2+ + either AMPA or SAG, this
weakly inﬂuenced the amplitude of the FCCP-dependent FluoZin-3
signals (Fig. 5E). However, the entry of Zn2+ through voltage-gated
Ca2+ channels had a positive effect on the FCCP-dependent FluoZin-3
signals (Fig. 5E). This indicates that the entry of Zn2+ through voltage-
gated Ca2+ channels augments the size of the mitochondrial pool of
mobilizable Zn2+ in contrast to Zn2+ ﬂuxes through AMPA receptors
and SAG-sensitive channels. As above, control experiments were
conducted on cells not pre-treated with Zn2+. Under these conditions,
a transient application of KCl, AMPA or SAG did not affect the FCCP-
dependent FluoZin-3 responses (Fig. 5F).
4. Discussion
Zinc is a vital cation participating in many biological processes.
Depending on the cell type, its cellular concentration in Eukaryotic
cells is in the order of 150–250 μM [34,35]. Wild-type HEK-293 cells
have a total zinc content of ~300 μg/g protein. However, the stable
over-expression of TRPC6 channels enhances this total zinc load by
~40% (when expressed in μg/g protein and measured by ICP-OES)
(Table 1) and by 47% (when quantiﬁed with synchrotron X-ray ﬂuo-
rescence). In comparison, HeLa cells have a zinc content of 174 μg/g
protein and the zinc-resistant subclone HZR have a total quantity of
zinc of N3500 μg/g protein [36]. The zinc overload of HEK-293 cells
stably over-expressing TRPC6 channels observed by two independent
experimental approaches, namely spectroscopic methods and cellular
imaging with synchrotron X-ray ﬂuorescence, is accompanied by an
increased sulphur content. This latter ﬁnding probably reﬂects an
enhanced expression of thiol-containing proteins. Besides zinc,
copper was also affected since HEK-TRPC6 cells have less copper
than wild-type HEK-293 cells. Clarifying the mechanism(s) by which
the zinc status of HEK-293 cells inﬂuences their cellular copper
content was beyond the scope of the present study and this aspect
was thus not investigated further. It is however of interest to note
that, in humans, the competition between zinc and copper is well
documented. Zinc overload may provoke copper deﬁciency by
decreasing copper absorption [37]. This can lead to neurologic
abnormalities as cases of central nervous system demyelination
associated with high zinc and low copper have been described [38].
The results reported above, namely the alteration of the cellular
content of some elements (Zn, S, Cu), could be unrelated to TRPC6
channels but could instead be a consequence of the transfection
procedure. However, HEK-293 cells stably expressing TRPC3 channels,
another member of the TRPC family which are DAG (or DAG
analogues)-sensitive [2] and hyperforin-insensitive [25] (Supplemen-
tary data, Fig. 1), do not have the same phenotype as HEK-TRPC6 cells.
Based on the analysis of microarray data, it was recently shown that
2816 J. Gibon et al. / Biochimica et Biophysica Acta 1808 (2011) 2807–2818the over-expression of TRPM7 channels in HEK cells altered the
transcription of 951 genes [39]. This up- or down regulates the
expression of various proteins playing roles in cellular growth and
proliferation, cell death, cellular morphology and movement [39].
Based on this ﬁnding we cannot exclude the possibility that, similarly
to TRPM7 channels, the over-expression of TRPC6 inﬂuences the
expression of proteins such as proteins participating in the cellular
homeostasis of Zn. For instance, TRPC6 over-expression in HEK cells
could alter the expression of metallothioneins (MTs). This is of
interest because previous studies showed that MTs can have a dual
action: they can function as an important zinc buffering system but
they can also be a source of toxic zinc [40]. Whatever the molecular
mechanisms involved, HEK-293 cells stably expressing TRPC6
channels have distinct properties from wild-type HEK-293 cells
(and HEK-TRPC3 cells). This observation is reminiscent to a previous
study showing that the expression of TRPC3 channels in HEK-293 cells
reduces the size of the mobilizable pool of Ca2+ [41]. Therefore, our
results as well as data from another laboratory [41] show that over-
expressing TRPC channels changes the cellular content of biologically
relevant cations which, in turn, can profoundly modify the properties
of the cells. For instance, the over-expression of TRPC6 channels
inﬂuences the intracellular distribution of zinc, enhances the size
of the mobilizable pool of Zn2+ and thus affects the sensitivity of cells
to an oxidative insult. Although the colorimetric MTT test cannot
clearly distinguish injured from dead cells, it is a convenient method
used to check for the cytotoxicity of a drug [42]. The data presented in
Fig. 1B-E reveals that the expression of TRPC6 channels (but not TRPC3
channels)modiﬁes the ability of cells to respond to an oxidative stress:
the application of DTDP perturbs the mitochondrial activity, as
illustrated by the MTT test and, in addition, alters the morphology of
TRPC6-expressing cells. The production of ROS and Zn2+ homeostasis
seem interdependent [29]. In neurons, oxidative conditions can re-
lease Zn2+ from intracellular stores which, in turn, can cause neuronal
apoptosis [22]. Zn2+ indirectly inﬂuences the production of ROS via its
ability to inhibit the mitochondrial activity [43].
Throughout this study, the activity of TRPC6 channels was
controlled by means of two pharmacological tools: SAG and
hyperforin. TRPC6 channels can indeed open in response to DAG or
DAG analogues like SAG or OAG [1,2]. Cortical neurons express SAG-
sensitive channels. The entry of Ca2+ through these SAG-sensitive
channels is enhanced by ﬂufenamic acid [7]. To our knowledge, TRPC6
is the only TRPC positively regulated by ﬂufenamic acid, an agent
known to block the other TRPC channels [44,45]. Like DAG and DAG
analogues, the plant extract hyperforin is able to trigger the opening
of TRPC6 channels, leaving the other TRPC isoforms unaffected
[25,46]. The results shown in Supplementary data Fig. 1 conﬁrm
that this antidepressant gives rise to a Ca2+ entry only in cells
expressing TRPC6 channels whereas wild type HEK-293 and HEK-
TRPC3 cells do not generate an inﬂux of Ca2+ in response to the
application of hyperforin. This observation is perfectly in line with
previous data [25]. Although hyperforin has several cellular targets, it
is important to mention that TRPC6 channels are the only known
plasmamembrane channels activated by this agent. The application of
hyperforin could depolarize cells and thus promote the entry of Zn2+
via voltage-gated Ca2+ channels. However, in cortical neurons, the
entry of Ca2+ through SAG- or hyperforin-sensitive channels is not
inhibited by nifedipine and ω-conotoxin [7], two blockers of voltage-
gated Ca2+ channels. Furthermore, in FluoZin-3-loaded cells, the
entry of Zn2+ triggered by SAG is not affected by nifedipine (not
shown). Altogether, these data indicate that voltage-gated Ca2+
channels are not involved in the entry of Zn2+ observed in response to
the application of hyperforin. As an alternative possibility, it could be
envisaged that hyperforin triggers the entry of Zn2+ via glutamatergic
receptors but we are not aware of any report showing that hyperforin
opens AMPA/kainate or NMDA channels. On the contrary, hyperforin
(10 μM) inhibits NMDA-induced calcium inﬂux into cortical neurons[47]. We thus propose that the entry of Zn2+ occurring after the
application of hyperforin (or SAG) is attributable to TRPC6 channels.
This entry regulates the size of the DTDP-sensitive pool of Zn2+. The
activity of the serine/threonine protein kinase (PKC), another cellular
target of DAG and DAG analogues, can inﬂuence Zn2+ signals [48].
Therefore, the SAG-dependent stimulation of PKC could modulate the
size of the pools of mobilizable Zn2+. However, clarifying the role
played by PKC is complicated by the fact that this kinase regulates
TRPC6 activity and thus inﬂuences the movements of cations through
these channels [49].
The data obtained with the live-cell imaging experiments indicate
that TRPC6 channels whether heterogeneously expressed (in HEK cells)
or endogenous (in cultured cortical neurons) can form a Zn2+ entry
pathway. In the presence of micro-molar concentrations of Zn2+ (e.g.
2 μM), DAG-sensitive channels of cortical neurons permit the uptake of
thismetal, evenwhen cells aremaintained in a Ca2+(2 mM)-containing
recording medium. There is however a competition between Ca2+ and
Zn2+ as evidenced by the larger uptake of Zn2+ when Ca2+ is omitted.
The electrophysiological recordings conﬁrm that TRPC6 channels
expressed in HEK-293 cells can transport Zn2+ ions. An equimolar
substitution of Ca2+ by Zn2+ reduces the amplitude of the hyperforin-
sensitive currents by 44% inHEK-TRPC6 cells but thismanoeuvre has no
effect in cortical neuronswhere the amplitude of the current is the same
regardless of the cation present, Zn2+ or Ca2+. This difference between
HEK-TRPC6 cells and neurons indicates that over-expressed TRPC6
channels and native TRPC6 channels of cortical neurons have distinct
properties or distinct heteromeric compositions.Whatever the origin of
this difference, the electrophysiological recordings and the live-cell
imaging experiments carried outwith FluoZin-3 support the hypothesis
that TRPC6 channels can favour the uptake of Zn2+.
Certain neurons of the central nervous system accumulate Zn2+
into their synaptic vesicles via a process involving the vesicular
transporter ZnT-3 [50]. Although this point is still debated [51], many
experimental data show that zinc is co-released during exocytosis of
the neurotransmitter [52,53]. Its concentration in the synaptic cleft,
not known with certainty, may reach up to 100 μM [54]. When
present in the external medium, Zn2+ modulates the activity of
various ion channels [55]. In the hippocampus, a brain structure
particularly rich in Zn2+, TRPC6 channels are present in post-synaptic
densities of excitatory synapses [4]. Once released in the synaptic
cleft, Zn2+ could enter post-synaptic hippocampal neurons via TRPC6
channels. It is important to mention that, in neural tissue, the
extracellular concentration of Ca2+ ([Ca2+]o) is not constant but
exhibits dynamic changes. For instance, a repetitive electrical activity,
application of amino acids, or pathological insults like periods of
anoxia or epileptic seizures reduce [Ca2+]o [56–59]. Any of these
conditions could thus facilitate the entry of Zn2+ through activated
TRPC6 channels.
Several members of the TRP super-family are able to transport Zn2+
like TRPA1 [60], TRPM3 [61], TRPM7 [62], TRPML1, TRPML2 [63] and
TRPV6 [64]. Based on the data shown in the present report, TRPC6
appears as another TRP member participating in the transport of Zn2+.
By regulating the intracellular distribution and content of zinc, TRPC6
channels could alter the sensitivity of cells to oxidative insults and
inﬂuence cell fate and survival.Acknowledgments
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